We created an ultracold plasma by photoionizing the laser-cooled and trapped rubidium atoms in a magneto-optical trap. In the externally applied direct current (DC) electric field environment, the electrons which escape from the potential well of the ultracold plasma were detected for different numbers of the ions and initial kinetic energies of the electrons. The results are in good agreement with the calculations, based on the Coulomb potential well model, indicating that the external DC field is an effective tool to adjust the depth of potential well of the plasma, and it is possible to create an ultracold plasma in a controlled manner.
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Introduction
The development of laser cooling and trapping of neutral atoms [1] opened new windows for many physical research fields, including atomic, optical, and plasma physics. The study of ultracold plasma based on the cold atoms is one of the state-ofthe-art topics in the field of low-temperature plasma physics. In the ultracold plasma, the Coulomb interaction energy between nearest neighbors exceeds the thermal energy of the charged particles, making it strongly coupled plasma [2] . The Coulomb coupling parameter, Γ, one of the most important parameters in the field of plasma physics, is defined as the ratio of the electrostatic energy to the thermal energy with a n 3 4 1 3 p = ( ) / / is the Wigner-Seitz radius, e is the electron charge, k B is the Boltzmann's constant, n and T are the number density and the temperature of the particles in the plasma, respectively. The strongly coupled plasmas usually exist in astrophysical environments with very high density and high temperature, such as quark-gluon plasmas, the Mottinsulator transition, non-neutral and dusty plasmas [3] [4] [5] [6] [7] [8] [9] [10] [11] . Strong coupling effect can also be found in high density artificial plasmas, for example, laser-produced plasma and laser-driven fusion plasma [12] . However, due to the extremely high temperatures and densities, it is very difficult to study the dynamics of these plasmas directly. The ultracold plasmas, however, allow the formation of strongly coupled plasmas at low densities and controllable initial conditions in the laboratory.
So far, many experiments, as well as many theoretical and computational calculations and simulations, have investigated the dynamics of ultracold plasma in different conditions [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . The time-dependent properties of the ultracold plasma, including the temperatures and the densities of charged particles, are very important to the study of the evolution of the ultracold plasma. In 1999, Killian et al [13] introduced the Coulomb potential well model to understand the formation and evolution of ultracold plasma. Then, many experimental works investigated the relations of the key parameters in the model, such as the threshold number of the ions, size of the plasma, and the effective electric field [27] [28] [29] [30] [31] [32] . The effective electric field in the Coulomb potential well model can be tunable by an applying an external electric field. However, no experimental results have been reported so far concerning the effect of the direct current (DC) electric field on the dynamics of the ultracold plasma.
In the present study, we created ultracold plasma by photoionizing the laser-cooled rubidium (Rb) atoms in a magnetooptical trap (MOT). In the externally applied DC electric field environment, the electrons which escape from the potential well of the ultracold plasma were detected for different numbers of ions and initial kinetic energies of electrons. The magnitude of DC field was tuned to adjust the depth of the potential well of the plasma. In addition, the Coulomb potential well model was used to calculate and explain the dynamics of the ultracold plasma.
Experimental setup
The details of the experimental setup have been described in [33] . Briefly, about 10 7 87
Rb atoms with a typical temperature of 500 μK are prepared in a MOT. The spatial distribution of the cold atoms cloud is Gaussian with a diameter of 1.4 mm and the corresponding peak density of about 10 10 cm
. The cold atoms are photoionized using two-step scheme. In the first step, the atoms are excited from 5 2 S 1/2 (F=2) state to 5 2 P 3/2 (F′=3) state by a diode laser (Toptica DL 100) with a wavelength of 780 nm, which is also the cooling circle for the MOT. In the second step, the atoms in 5 . The status of the cold atoms, including the temperature and the density, is monitored by the fluorescence detector, and the number of ions is estimated from the loss of the fluorescence.
Ten pairs of parallel electrodes are placed near the cold atom cloud to extract electrons from the plasma and accelerate them to a microchannel plate (MCP) detector by applying an external DC voltage. The magnitude of the DC electric field is tunable in the range of 35-350 mV cm −1 . In the DC field environment, the ions and electrons produced by the photoionization play a two-fold role. First, a small part of electrons is removed by the DC field, and the corresponding ions are nearly immobile and create a counterbalance electric field for the external DC field. Second, the remaining part of the ions and electrons creates a Coulomb potential well, and forms an ultracold plasma. Hence, the DC field can adjust the number of ions/electrons in the ultracold plasma, that is, tune the depth of the Coulomb potential well of the ultracold plasma.
The signals from the detectors are converted to digital signals by a fast A/D converter (Pico Scope 6404D) with 500 MHz bandwidth and 12 bits dynamic range, then recorded by a computer. The time references for different apparatus are provided by two synchronized pulse generators (Stanford Research Systems DG645).
Results and discussion

Creation and detection of the ultracold plasma in the DC field
As mentioned above, cold 87 Rb atoms in 5 2 P 3/2 (F′=3) state are photoionized by a pulsed dye laser to create the ultracold plasma. The available energy to the plasma is the difference between photon energy and the ionization potential of 87 Rb,
The momentum conservation can be written as Due to the large ion to electron mass ratio, the ions are nearly immobile on the time scale of photoionization, and the excess energy is almost taken away by the electrons. As a result, some of the free electrons escape from the cloud, and the external DC field directs the escaped electrons towards the detector, which produce the first sharp peak signals as shown in figure 1 .
The remaining cloud is positively charged, which forms an attractive Coulomb potential well for the next electrons trying to leave the cloud. From [13] , the corresponding Coulomb potential energy is expressed as
where U is the Coulomb potential, and N i is the number of ions that have a Gaussian density distribution of characteristic size σ. The more the electrons escape, the more the potential well deepens. Once the well depth equals the electron kinetic energy, no more electrons escape, and hence the ultracold plasma is formed. The relevant number of ions is called the threshold ion number [13] . The trapped electrons in the potential well exert an outward pressure on the ions that causes an expansion in the plasma could. For a self-similar expansion, the characteristic size of the ultracold plasma would follow t vt 0 , [32, 34] . With the expansion of the plasma, the ion density decreases, and the potential well gets shallower. So the trapped electrons escape from the plasma, guided by the applied DC field towards the MCP detector, and form the second peaks as shown in figure 1 .
The electron signals recorded for four different dye laser energies, which correspond to the initial numbers of ions/ electrons produced in photoionization, are shown in figure 1 . At low laser energy, the number of created ions is not enough to form plasma, as a result, the second peak intensity is almost invisible. With the increase in laser energy, the number of ions exceeds the threshold, the potential well deepens, and the plasma signals are seen [13] . Kulin et al [16] reported that when the initial electron kinetic energy is above 10 K, the plasma expansion follows a simple hydrodynamic electron pressure model. This model describes the expansion of a single-component cloud of non-interacting particles at temperature T e , as a result, the lifetime of the plasma does not change significantly. As shown in figure 1 , the contours and the time properties of the plasma signals in different laser energies are very similar, showing a similar lifetime and behavior of ultracold plasma as described in the hydrodynamic model.
Ultracold plasma with different initial electron kinetic energies
The initial electron kinetic energy plays an important role in the formation of ultracold plasma [13, 32] . In this section, we investigated the behavior of ultracold plasma with different initial electron kinetic energies which experimentally controlled by the wavelength of the pulsed dye laser. Figure 2 (a) shows the electron signals for different initial electron kinetic energies. On increasing the initial electron kinetic energy, the free electron signal increases and the plasma signal becomes sharp and moves gradually towards the shorter time, meaning that the lifetime of the plasma becomes shorter. Qualitatively, the lifetime of the plasma is dominated by the plasma expansion. From the hydrodynamic model, the electrons with high initial kinetic energy will drive the plasma expansion faster and shorten the lifetime of the plasma.
The plasma signals in figure 2(a) are integrated to get the numbers of trapped electrons for different initial electron kinetic energies as shown in the figure 2(b) . The number of trapped electrons decreases with increasing initial electron kinetic energy. On one hand, the electrons with higher initial kinetic energy require deeper potential well to form ultracold plasma, so larger part of the electrons is lost to deepen the Coulomb potential well. On the other hand, the electrons with higher initial kinetic energy are relatively easier to escape from the trap, and as a result, a small fraction of electrons is trapped.
Based on the Coulomb potential well model, the number of trapped electrons (N e ) as a function of both the number of ions (N i ) and the threshold number of ions (N * ) are shown as [13, 30] N N N N . 6
At the threshold condition, the potential well depth equals the electron kinetic energy, and the size of the system (σ) equals to the Debye screening length The threshold ion number is the minimum number of the ions required to trap electrons, in other words, the number of ions sufficient to create potential well, and grows linearly with increasing initial electron kinetic energy.
The calculated results are shown in figure 2(b) , the solid, dashed, and dotted lines represent the number of ions which correspond to 55 000, 50 000 and 45 000, respectively. With the increase in initial kinetic energy, the threshold value N * increases, and the number of trapped electrons N e decreases. It can be seen from figure 2(b) that the experimental results are in good agreement with the calculation in the condition where the number of ions is approximately equal to 50 000, indicating that the behavior of ultracold plasma follows the Coulomb potential well model. To keep on increasing the external DC field or the initial electron kinetic energy, all the electrons will escape, and no ultracold plasma will be formed. Therefore, trapping of electrons is very important for the formation of ultracold plasma. For a large fraction of trapped electrons, it is necessary to have a small size of the cloud, high density of charged particles, and low initial electron kinetic energy [27] .
Ultracold plasma dependence on the DC field
As mentioned above, part of ions counterbalance the external DC field, so the N i in equation (6) is the effective number of ions, which creates the potential well for the electrons and forms the ultracold plasma. In other words, the depth of Coulomb potential well of ultracold plasma is adjustable by the magnitude of the external DC field. Theoretically, the DC electric field, F, is given by the following expression [30] With the fixed number of photoions and an increase in the magnitude of the DC field, more ions are needed to counterbalance the DC field, and hence fewer ions/electrons are used to form the plasma. In addition, the DC field is along one dimension, however, in the other two dimensions, the space charge effect from the counterbalance ions will be more significant with the increasing in the DC field. Vanhaecke et al [35] calculated the maximum electric field created by the ionic space charge, assuming that there are always a few electrons with zero velocity in the potential well, that is Figure 3(a) shows the electrons signals for different magnitudes of the DC field with a fixed initial electron temperature of 10 K. In a low field, less number of electrons escape from the cloud, so there are enough electrons to be trapped in the potential well and form the plasma. On gradually increasing the DC field, the lifetime of the plasma shortens due to the space charge effect of the increasing counterbalance ions.
In figure 3(b) , we show the number of trapped electrons as a function of the DC field magnitude. The circle represents the number of trapped electrons, which comes from the integration of the plasma signals in figure 3(a) . The depth of the potential well of the ultracold plasma is tuned by varying the magnitude of the DC field. When the DC field increases, the number of counterbalance ions increases, as a result, the number of trapped electrons decreases. To keep increasing the DC field, we can get the threshold DC field as shown in figure 3(b) by the extension of the dotted line at 0.42 V cm , which is 0.08 V cm −1 higher than the experimental value, because that the space charge effect of the counterbalance ions drives the plasma expansion and decreases the field intensity. From another point of view, the threshold DC field equals the depth of the Coulomb potential well produced by the ions and electrons without any perturbation.
Conclusion
In conclusion, the ultracold plasma was created by the photoionization of the laser-cooled 87 Rb atoms. The free electrons which escape from the potential well of the ultracold plasma were detected in an external applied DC electric field. The behavior of the ultracold plasma was investigated for different numbers of ions and initial kinetic energies of electrons. In addition, the Coulomb potential well model was used to calculate and explain the dynamics of the ultracold plasma. The good match of experimental and theoretical results shows that it is possible to modify the formation and evolution of ultracold plasma by selecting the available experimental parameters, including the characteristic initial size of plasma, the wavelength and energy of ionization laser, and the magnitude of the external DC electric field.
